Carbon fibers (CFs) were plated with nickel-phosphorus (Ni-P) using an electroless plating process. The effects of the process parameters such as heat treatment temperature, heat treatment time, and the pH of the plating bath on electroless Ni-P plating were investigated. The structure, elemental composition, and thermal and electrical properties of Ni-P plated CFs (MCF) were characterized by X-ray diffraction (XRD), a four-probe volume resistivity tester, and an infrared thermal imaging camera, respectively. The XRD indicated the presence of amorphous and crystalline phases of Ni and Ni-P. The MCF were able to perform at high temperatures because of their higher thermal conductivity. A heat treatment temperature of 300 °C, a heat treatment time of 4 h, and a pH of 8.5 were found to be optimum for obtaining MCF with desirable thermal and electrical properties.
Introduction
Carbon fibers (CFs) have been widely used for electromagnetic shielding, biosensors, and reinforcing materials based on their excellent properties such as high electrical conductivity, thermal conductivity, heat resistance, and nonflammability [1] [2] [3] [4] [5] . However, it is known that CFs have a resistivity of 10 −3 -10 −4 Ω·cm, which is relatively higher than that of copper wire, at 1.68 × 10 −6 Ω·cm. Kim et al. [6] [7] [8] [9] attempted to improve the heat conductivity of CFs by improving the electric conductivity by introducing electroless nickel plating because the heat conductivity may be low because of a lack of electric conductivity.
Electroless plating is a suitable method, where a metallic layer is plated on the surface of CFs to increase the thermal and conductivity of fiber. When the conductivity of CFs is increased, there are many benefits for many suitable applications. Some of the advantages of electroless plating are that it does not require a power supply or electrical contact. It results in good quality deposition with uniform covering, low plating porosity, and better adhesion in many cases. The CFs' heating elements, which can be controlled by varying deposition parameters, such as the pH value, bath composition, heat treatment conditions, and time, play an important role in the structure and properties of the plating [10] [11] [12] [13] .
In this paper, we report the effect of the process parameters such as heat treatment temperature, heat treatment time, and the pH of the plating bath on the thermal and electrical properties of Ni-P plating on CFs as key materials of heating elements.
Materials and Methods

Materials and Electroless Ni-P Plating
The polyacrylonitrile (PAN) based CFs (T-700, 12 K) used in this study were obtained from Toray Co., Tokyo, Japan. The electroless Ni-P plating was deposited on 100 mm long CFs using nickel chloride (NiCl2·6H2O, 10.5 g/L) as the source of nickel and sodium hypophosphite (NaH2PO2·H2O, 28.5 g/L) as the complex agent and reducing agent. After each immersion, the samples were carefully dried at 90 °C for 24 h. These samples were named as metal plating CFs (MCF). The parameters were controlled by heat treatment temperature, heat treatment time, and the pH of the plating bath. The process conditions for electroless plating are given in Table 1 . 
Characterization
A scanning electron microscope (SEM, AIS 2000 C, Seron Tech Inc., Uiwang-si, Korea) was used to observe the morphology of MCF. The energy dispersive X-ray spectroscope (EDS, LINK system AN-10000/85S, Plano, TX, USA) was also used to evaluate nickel content on MCF. The X-ray diffractometer (XRD, Rigaku Model D/MAX-III B, The Woodlands, TX, USA) with CuKα radiation (λ = 0.15418 nm) was used to confirm the presence of Ni-P on CFs. The electric heating behaviors of CFs under a variety of applied voltages of 1-12 V were characterized with an infrared thermal imaging camera (FLIR, FLIR A655sc, Oklahoma City, OK, USA). Electrical resistance and changes in the electric current (I) and electric power (P) with the applied voltage of CFs were measured using a multimeter (Agilent, U1272A, Santa Clara, CA, USA). The specific resistance and electrical conductivity of CFs were also measured with a four probe volume resistivity tester (Mitsubishi Chemical Co., MCP-T610, New York, NY, USA). Figure 1 shows the SEM images of MCF as a function of heat treatment temperature. It was showed that the diameter of MCF was around 7.2-9.0 μm (with a 0.2-2.0 μm nickel layer), and the major compound in MCF was 85-95 wt% nickel and 3-11 wt% phosphorus content. The plating was observed to be uniform, dense, and without any cracks or pores. The nickel particles formed a perfect nickel layer [14] . The XRD patterns of MCF as a function of heat treatment temperature are shown in Figure 2a . Heat treatment at a temperature higher than 300 °C resulted in a mixture of stable Ni, Ni2P, and Ni3P phases, which was attributed to the crystallization of plating starting at ~342 °C [15] . In addition to the stable Ni, Ni2P, Ni3P, NiO, and Ni12P5 phases were observed at 350 °C. The results implied that nickel particles grew rapidly with increasing the heat treatment temperature. The grain size calculated using the Scherrer formula [16] The heat output was provided by electrical energy, which was absorbed by MCF. The absorbed heat was a product of specific heat mass and temperature change. For a constant specific heat of 0.83 J/g·K (specific heat of CFs (or graphite [17] )), the heat output was calculated as shown in Figure 3a . The heat output after 60 s of heating was 53, 521, 591, 589, and 226 J, respectively. After the initial period (<10 s), the heat output increased linearly over time, as the electrical energy input also increased linearly over time for a given power. Hence, H-300 provided temperatures (up to 69.6 °C) much higher than those provided by MCF, probably because of the surface structure of MCF, as well as the heat treatment temperature. The fast response was attributed to the higher thermal conductivity resulting from the metal plating. The overall performance of MCF was superior.
Results and Discussion
Influence of Heat Treatment Temperature
The electric power (P) associated with the flow of a current (I) under an applied voltage (V) is given by P = VI. In combination with Ohm's law [18] of V = IR, the electric power is also expressed as P = V 2 R, where the electric power is quadratically proportional to the voltage. Consistently, for MCF with different heat treatment temperatures, the electric power increased quadratically with respect to the applied voltage, as can be seen in Figure 3b . Figure 3c shows the voltage dependence of the Tmax of MCF under various heat treatment temperatures. The increment of the Tmax values with the applied voltage was much higher for MCF with a 300 °C heat treatment temperature. For instance, for H-300, a Tmax of ~69.6 °C was attained at an applied voltage of 12 V, which was ~32.1 °C higher than that of H-400. On the other hand, it was found that the Tmax values were quadratically increased with the increment of the applied voltage.
The Tmax of MCF at different electric power are shown in Figure 3d . Each MCF was tested for 100 s at a single step. At different electric power, the Tmax of MCF increased with increasing heat treatment temperature. The heating response of MCF-H300 was the highest. Moreover, MCF-H300 showed a 139% increase in Tmax compared with MCF. The increment in the kinetic or vibrational energy of the atoms manifested itself as heat, which gave rise to an increase in the temperature of CFs. In this way, the electric power was converted to heat by the resistance heating or Joule heating process [19] . The heating/cooling rates of MCF as a function of heat treatment temperature are presented in Figure 3e . The heating rate curves in the figure can be explained in terms of thermal mass, the mass of H-400 being the lowest and that of H-300 being the highest. The temperature change induced by electrical input depended on the thermal capacitance per area; thus, H-300 was expected to provide the highest thermal response.
The specific resistivity and electrical conductivity of the MCF are presented in Figure 3f . By using the relation R = p (L/A) [20] , where L is the MCF length and A is the cross-sectional area of the MCF, the electric resistivity (p) of the MCF was calculated. As the heat treatment temperature increased, the specific resistance decreased and then increased again. Furthermore, it was observed that the specific resistance of H-300 was over 1.39 × 10 −4 Ω·cm, but that this value decreased dramatically with increasing heat treatment temperature up to 400 °C [21] .
Clarebrough et al. [22] showed that the electrical resistance of metallic nickel decreased with an increase in temperature of heat treatment. It is well known that the heat treatment processes proceed in three stages: recovery, re-crystallization, and grain size growth. In the recovery stage, the absorbed energy of heat treatment was used to order the Ni-P microstructure by augmentative fluctuation or to decrease the dislocations of accumulated Ni-P atoms.
After heat treatment at 400 °C, the specific resistance decreased because the amorphous MCF changed into crystalline MCF. In addition, it was obvious that the interfacial bonding between Ni-P and CFs was enhanced because of a slight catalyzing effect of the MCF. As confirmed in previous work [23] , a suitable amount of metal particles can lead to better filler-matrix interaction. It is generally accepted that its success, to a large extent, depends on the metal (Ni-P)-CFs physical bonding that determine the degree of adhesion at the interfaces. These interactions depend on the filler surfaces' active functional groups, surface energy, and energetically different crystallite faces [24, 25] . This resulted in a decrease in the resistivity of MCF-H400 by 13% compared with that of MCF. The good specific resistance of MCF-H400 indicated a strong correlation between resistivity and heat treatment temperature.
As shown in Figure 4 , when 12 V were applied at room temperature, the surface heating temperature of MCF-300 was 69.6 °C. In addition, the average temperature according to the heat treatment temperature was 29.1 ± 1.0 °C, 56.5 ± 2.0 °C, 69.6 ± 2.0 °C, 63.0 ± 2.0 °C, and 32.1 ± 2.0 °C, respectively. The surface temperature of the carbon heating element showed a 1.1 times higher surface temperature than MCF. The surface temperature of the carbon heating element applied at 12 V increased in proportion to the voltage, starting from room temperature, and reached about a constant temperature after about 1 min, indicating the thermal stability. These results indicated that as the heat treatment temperature increased and as the crystallinity of the CFs increased, the electric resistance decreased and the current applied under each voltage increased. [26] . Figure 2b shows the variation in the XRD patterns with heat treatment time. The peak intensity of the X-ray diffraction patterns of MCF increased as the heat treatment time increased. The intensity of the peaks was primarily attributable to the microcrystalline structure or amorphous structure of the Ni-P plating, which was supersaturated with respect to the phosphorous. The relative intensity of Ni (111) increased with increasing heat treatment time. With increasing heat treatment time, the average grain size from 1.63 nm to 1.70 nm monotonically increased [27] .
Influence of Heat Treatment Time
The heat output of MCF as a function of heat treatment time is presented in Figures 5 and 6a . The heat output had a linear relationship with time. The heat output in the figure could be explained in terms of electrical energy, the heat output of the heat treatment time of 1 hour (HT-1) being the lowest and that of HT-4 being the highest. The electric power-voltage (P-V) curves of MCF with different heat treatment times are shown in Figure 6b . For MCF, there was almost no electric current over the applied voltage of 1-12 V. On the other hand, in the cases of HT-4, the electric current increased linearly with the applied voltage, and the slopes of the P-V curves increased significantly with the heat treatment time. This demonstrated that the Ni-P nanoparticles were physically connected to each other in the CFs, and the networking degree was strengthened with the increment of the heat treatment time [28] . Figure 6c shows the Tmax of MCF as a function of heat treatment time. Compared with HT-1, HT-4 exhibited a 40.8% increase in the average Tmax under an applied voltage of 12 V. Electric heating was converted from electrical energy to thermal energy. Thus, Tmax increased with increasing applied voltages. The quadratic increase of Tmax with the applied electric power was quite consistent with the P-V curves (Figure 6b ), which dictated that the electric power resulted in an efficient temperature increase as in Figure 6d .
As shown in Figure 7 , when the 12 V were applied at room temperature, the surface heating temperature of HT-4 was 80.0 °C. In addition, the average temperature according to the heat treatment temperature was 29.1 ± 1.0 °C, 56.8 ± 2.0 °C, 60.0 ± 2.0 °C, 66.0 ± 2.0 °C, and 80.0 ± 2.0 °C, respectively. The surface temperature of the carbon heating element showed a 2.7 times higher surface temperature than MCF. Figure 8 shows SEM images of MCF manufactured according to the different pH of the plating bath. As the pH of the plating bath increased, the gaps in the axial direction disappeared from the surface of the CFs, and the CFs' diameter and plating thickness increased. This was judged to be a change in the process of introducing oxygen and forming radicals on the surface of the fiber by oxygen penetration, and it was expected that this would affect the thermal characteristics. A linear relationship between the electric power and Tmax was established, as shown in Figure  9d . According to this result, the desired Tmax could be controlled effectively by adjusting the applied electric power. From the Tmax vs. electric power curves of pH-4.0 and pH-8.5, the consumption of electric power of 1 W led to Tmax values of ~37.4 °C and ~109.4 °C, respectively, indicating that pH-8.5 had better electric energy efficiency by reaching a higher maximum temperature at the same applied electric power.
Influence of pH of the Plating Bath
In the widely studied composition range of 3-14 wt% phosphorus, the lower range between 3 and 7 wt% phosphorus was reported to be microcrystalline, and the higher range between 7 and 14 wt% phosphorus was amorphous [29, 30] . Upon variation of the pH value from 4.0 to 10.0, the phosphorus content exhibited a decreasing trend in the range of 3.5-10.6 wt%, whereas the nickel content in increased to 89.4-96.5 wt%. Therefore, it was also expected that electroless Ni deposited with lower P content tended to be crystalline and have a higher conductivity [31] . The optimum pH range was found to be 8 to 9.
A linear relationship between the electric power and Tmax was established, as shown in Figure  9d . According to this result, the desired Tmax value could be effectively controlled by adjusting the applied electric power. From the Tmax vs. electric power curves at pH 4.0 and pH 8.5, the a consumed electric power of 1 W led to Tmax values of ~37.4 and ~109.4 °C, respectively, indicating that pH 8.5 produced heating elements with better efficiency as they reached a higher maximum temperature for a given amount of applied electric power. The heating/cooling rate of MCF as a function of the processing parameters is presented in Figure 9e . The heating/cooling rate had a linear relationship with the process parameters [32] . The heating rate of MCF-H300, H-4, and pH-8.5 were the highest. Moreover, MCF-H300, H-4, and pH-8.5 respectively showed a 139%, 174%, and 42% increase in Tmax compared with MCF. This improvement in thermal emission efficiency could be attributed to the fact that the appropriate heat treatment of Ni-P crystals on CFs created more emissive surface sites, affording not only the maximum temperature, but also the maximum heating rate.
As shown in Figures 6f and 9f , the resistivity slightly decreased from 1.40 × 10 −4 Ω·cm to 1.19 × 10 −4 Ω·cm as the heat treatment time increased during heat treatment of MCF, and as the pH of the plating bath increased, the electrical conductivity of MCF increased from 4.63 × 10 3 Ω·cm to 1.66 × 10 4 Ω·cm. The specific resistance of the nickel layer was primarily a result of grain boundary scattering. Therefore, the specific resistance decreased because of the annihilation of grain boundaries by heat treatment [33] . From the results in the range of pH 4.0-10.0, there was a strong correlation between the electrical conductivity and the pH of the plating bath. This meant that a perfect nickel layer could be formed in the range of pH 4.0-10.0 for the plating bath, resulting in a saturation state of electrical conductivity because of the contact between nickel particles [34] .
As shown in Figure 10 , when the 12 V were applied at room temperature, the surface heating temperature of pH-10.0 was 41.5 °C. In addition, the average temperature according to the pH of the plating bath was 29.1 ± 1.0 °C, 29.4 ± 2.0 °C, 31.9 ± 2.0 °C, 34.4 ± 2.0 °C, 35.5 ± 2.0 °C, and 41.5 ± 2.0 °C, respectively. The surface temperature of the carbon heating element showed a 1.4 times higher surface temperature than MCF. 
Conclusions
The influence of process parameters such as heat treatment temperature, heat treatment time, and the pH of the plating bath on the thermal and electrical properties of MCF was investigated. By controlling the reaction parameters, a uniform Ni-P nanoparticle was deposited on the surface of CFs by electroless plating at a temperature of 300 °C, a time of 4 h, and a plating bath pH of 8.5. The Ni-P plating on CFs surface led to an increase in two phases, i.e., microcrystalline and amorphous. This was mostly a result of the increase in the stable Ni, Ni2P, Ni3P, and NiO phases, as well as the metastable Ni12P5 phase. The pH of the plating bath had major effects on the P content. The mean particle size of Ni-P nanoparticles with approximately 6-9 wt% phosphorus was 0.9-1.0 nm. This provided Tmax up to 69.6, 80, and 106.2 °C and heat output after 60 s up to 591, 275, and 198 J, respectively. Under the operating condition at 12 V, the heating rate of MCF could reach 8.79 °C/s, 9.23 °C/s, and 2.58 °C/s, respectively. The Tmax of MCF could be finely controlled by adjusting the applied voltage. 
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